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Abstract 

The analogy between general relativity and electromagnetism suggests 
that there is a galvano-gravitomagnetic effect, which is the gravitational 
analog of the Hall effect. This new effect takes place when a current car- 
rying conductor is placed in a gravitomagnetic field and the conduction 
electrons moving inside the conductor are deflected transversally with re- 
spect to the current flow. In connection with this galvano-gravitomagnetic 
effect, we explore the possibility of using current carrying conductors for 
detecting the gravitomagnetic field of the Earth. 
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In general relativity, the equation of motion for a test particle with mass m 
and velocity v in the weak-field and slow-motion limit has form [1] 



dv 1 
m— = m(E g + -vxB s ). (1) 

Equation (1) shows that there is an interesting and useful analogy between 
weak gravitational fields and electromagnetic fields according to which the grav- 
itational field in the weak limit can be decomposed into a "gravitoelectric" part 

GM 



E 9 = - — * 



and a "gravitomagnetic" one 



2G (J - 3(J ■ r)r) 

B ° = — [ 7-3 ] ' 

with E 9 and B s being the analogues of electric E and magnetic B fields. M and 
J are the mass and angular momentum of gravitational object, r is the position 
of test particle. This analogy brings up the question: are there gravitational 
analogues of the effects known in electrodynamics? 

Indeed, in the case of low velocities and weak fields, the formal analogy be- 
tween gravity and electromagnetism gives rise to a number of similar phenomena 
collected under the name gravitoelectromagnetism (see, for review, [1,2]). Due 
to the weakness of the gravitomagnetic effects, however, their existence has yet 
to be verified. For slowly rotating masses, such as the Earth or the Sun, the 
gravitomagnetic field is expected to be extremely weak. Even near the surface 
of the Earth, the gravitomagnetic contribution is about 10 6 times smaller than 
the gravitoelectric (monopolar) one. However, this prediction of general relativ- 
ity has been recently tested [3] by means of data obtained from laser-ranging 
observations of LAGEOS satellites and is expected to be verified again in the 
near future via the Gravity Probe B experiment (which measures the mechanical 
precession of superconducting gyroscopes carried by drag-free satellite in a polar 
orbit around the Earth [4]). 

The use of highly sensitive SQUIDs for detecting general relativistic effects can 
significantly reduce the use of mechanical measuring devices such as gyroscopes 
and favour the use of equivalent but more precise electromagnetic devices. This 
circumstance motivates the investigation of gravitoelectric and gravitomagnetic 
effects on electromagnetic processes in (super-) conductors. 

The electric field induced by the gravitoelectric field in conductors has been 
widely discussed starting with Shiff and Barnhill (SB) who observed [5] that 



2 



electrons inside a metal would sag under gravity, until a constant gravitoelectric 
field is balanced by the electrostatic force of compression. This would create an 
electric field E = mg/e = —5.6 x 10~ n V/m inside the metal that would exactly 
compensate the acceleration due to gravity on the electron (here m and e are the 
mass and charge of an electron, g is the gravitational acceleration). Moreover, 
Dessler et al (DMRT) also observed [6] that not only the electrons but also the 
ions should sag under gravitoelectric field to produce an effect 10 3 — 10 4 times 
greater and of oposite sign with E m +10~ 6 V/m. The conclusion is that both 
effects described by SB and DMRT occur, but under certain conditions there is 
a competition between them [7-9]. 

Similarly, the influence of the gravitomagnetic field on the magnetic properties 
of (super-) conductors has been investigated by a number of authors starting with 
De Witt [10] and Papini [11] both from an experimental and a theoretical point 
of view. For example, proposals have been made to detect the magnetic London 
moment generated by the gravitomagnetic field in superconductors even if the 
present technology is still insufficient to detect such weak magnetic fields. 

However, we expect that the interplay between the gravitomagnetic field and 
the electric current can amplify the general relativistic effects and the use of it 
might therefore improve the experimental accuracy. In this respect, conductors 
are more suitable for research than superconductors, since electric currents vanish 
inside the superconducting media. To the best of our knowledge no attempt has 
been made to investigate such effects and our goal here is to study the gravito- 
magnetic effects on the electric current flowing in a conductor with the aim to 
find new general relativistic effects. 

It is well-known that the macroscopic consequence of the Lorentz force on the 
conduction current is the Hall effect [12], according to which an electric field 

E H = R H jxB (2) 

appears across a conductor immersed in a magnetic field B and crossed by a 
current j. Here Rh is the Hall constant. Driven by the gravitomagnetic analogies 
we might ask whether the gravitomagnetic field can act on the moving conduction 
electrons in the media as does the magnetic one, i.e. is there gravitomagnetic 
analog of the Hall effect? 

In order to get an answer to this question we first formulate Ohm's law for 
a conductor embedded in the weak external gravitational field derived from the 
equation of motion of conduction electrons inside a conductor subjected to an 
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electromagnetic and gravitational fields 

dv 1 . 1 „ ne 2 , , 

m— = m(E 9 + -v x B g ) - e(E + -v x B) + — v. (3) 

dt c c A 

The last term in (3) is due to the resistance force acting on conduction electrons 
from continuous medium with conductivity A, n is the electron's concentration. 
In a steady state, with ^ = everywhere, the equation (3) gives Ohm's law 

E = - R H j x B + ^E g + x B g , (4) 

where j = new is conduction current density. Here A = ( m ~^°) c and 



R gg = are the coefficients of proportionality, the value of a parameter 7 
depends on model and typically is of order 0.1 for metals [13]. In the formula 
(4) we add the term arising from the change of the electrochemical potential \x in 
the weak gravitational field and being proportional to the atomic mass M a and 
gravitoelectric field E g (see, for example, [13, 14, 15]). 

The first two terms on the right hand side of equation (4) are standard classical 
terms. The third contribution is due to the gravitoelectric field. The last term in 
the equation (4) is new and never discussed before. It has pure general relativistic 
nature without Newtonian analog, and is caused by the effect of gravitomagnetic 
force on the conduction current. 

According to expression (4), an azimuthal voltage 

V = (5) 

will be induced across a conductor carrying radial current i r even if an exter- 
nal magnetic field is assumed to be absent (d is the thickness of the conductor). 
Conduction electrons moving in radial direction would be deflected in azimuthal 
direction until the gravitomagnetic force is compensated by the electric field aris- 
ing from charge separation on the lateral sides of the conductor. This new general 
relativistic effect arising from newly incorporated term in Ohm's law is of purely 
gravitomagnetic origin and so can be referred to as galvano-gravitomagnetic one 
(galvano-gyroscopic effect, which is the rotational analog of the Hall effect, is 
discussed in [19]). 

Alternatively, the equation (4) can be obtained directly from the general rel- 
ativistic constitutive equation [16] 

F^v? = j Ja + R H {F ua + u a u°F ua )f + Aw a - b/A a/3 (6) 
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for conductors embedded in the stationary gravitational field. Here F a p is 
the electromagnetic field tensor, E a = F a pvft and B a = —\e a p tlu u ,3 F llu are the 
electric and magnetic fields as measured by an observer at rest with respect to the 
conductor, Ap a = M[ a ,/3] + U[pw a ] is the relativistic rate of rotation, w a = Ua-^u 13 
is the absolute acceleration, b = ^§ is the parameter for the conductor with 
the four velocity u a , [■ ■ •] denotes the antisymmetrization. The last term in the 
right hand side of equation (6) is the one caused by the gravitomagnetic effect on 
conduction current. 

Ohm's law for conduction current has been generalized to include effects of 
gravity and inertia in the recent papers [7, 13, 15], but the effect of gravito- 
magnetic force upon an electric current has been taken into account only in [16]. 
Recently, Khanna [17] has derived the general relativistic Ohm's law for a two- 
component plasma and concluded that it has no new terms as compared with 
special relativity in the limit of quasi-neutral plasma. The gravitomagnetic terms 
did not appear in Ohm's law because of the magnetohydrodynamic approxima- 
tion used in [17] for the fully ionized plasma, but would appear in the case of a 
weakly ionized uncharged plasma. 

Suppose the conductor is at rest in the spacetime of the slow rotating gravi- 
tational body of mass M and angular momentum J [18] 2 : 



ds 2 = - (l - ^) (dx ) 2 + (l - ^) dr 2 + r 2 d6 2 + r 2 sin 2 9dip 

2aa sin 2 9 



dx°d V (7) 



cr 

with a = J/cM and a = 2GM/c 2 . Then with the absolute acceleration of 
conductor 

a/2r 2 
w a {0,- 1 ,0,0} 
1 — a/r 

and with the nonvanishing components of the relativistic rate of rotation 
. aa/2r 2 . 2 aa/r 



L 13 



sin 9; A 2 3 = -. , sin 9 cos 9, 



c(l-«/r) 3 /2 ' c(l-a/r)V2 
the the general- relativistic Ohm's law (6) takes the form (4). 



2 For the Earth, the dimensionless gravitomagnetic contribution GJ/c 3 r 2 < 4 x 10~ 16 is 
much less than the gravitoelectric one GM/c 2 r < 7 x 1CP 10 . Hence, in what follows the angular 
momentum will be taken into account only to first order. 
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However, metric (7) can be transformed to the reference frame of a satellite 
orbiting at a radius r with angular velocity f2 = e. 




ds 2 = -(l-^) (dx ) 2 + (l - ") V + r 2 dB 2 + r 2 sin 2 9d V 2 + 



.eVLr 2 aa, . „, 

2 sin 2 6dx°dcp, 8 

c cr 

assuming + and — signs of parameter e = ± apply to direct and retrograte orbits, 
respectively. 

Ohm's law (6) in the metric (8) takes form 

E = ij-^jxB + ^E 9 + ^jxB 9 - R gg j x O. (9) 

Restricting ourselves to an equatoril orbit, for the sake of simplicity, we cal- 
culate from (9) the voltage across a conductor carrying radial current i r 

V = V Sch + V LT = e?fi r £l + §^i r B g . (10) 

The first term in the right hand side of (10) results from the rotational motion 
of the conductor through the curved space-time around the Earth and is propor- 
tional to the square root of the Schwarzschild parameter a. We are here interested 
in the second term which is due to rotation of central body and corresponds to 
the gravitomagnetic effect. For experimental purposes, it is clearly better to elim- 
inate the lower order terms in expression (10). In order to do this, we could send 
two conductors in geosynchronous and anti-geosynchronous orbits and compare 
their data when they pass overhead. The gravitomagnetic term will have the 
same sign for both satellites but Schwarzschild term changes the sign from one 
station to another. So the simple addition of the data from the counter-rotating 
stations will isolate the pure gravitomafnetic term, and therefore, it is possible 
to separate gravitomagnetic effect from the dominant Schwarzschild effect. 

The gravitomagnetic effect may be regarded, among other things, as a con- 
sequence of gravitational analogue of Larmor's theorem [20] according to which 
the effect of the gravitomagnetic force on an electron is the same as that of the 
Lorentz force F = — ^(v x B) due to magnetic field B, if B satisfies 

B = -(2mc/e)n LT , (11) 

where the gravitomagnetic field B 9 is identified with the Lense-Thirring frequency 
— 2cQ.lt of the local inertial frames with respect to observers at infinity. Since the 
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macroscopic consequence of the Lorentz forces on the conduction electrons is the 
Hall effect (2), the result (5) follows, in fact, from the gravitomagnetic Larmor's 
theorem (11). 

The value of the potential difference in (5) can be adjusted by the magnitude 
of the electric current and this dependence may give one more possibility to detect 
the gravitomagnetism by measuring the difference in a voltage generated across 
two current carrying conductors orbiting in pro- and retrograte directions around 
the Earth. Of course, ground based laboratory experiment for measurement of the 
galvano-gravitomagnetic effect could be also derived. But on Earth, the angular 
velocity of the conductor with respect to a local inertial frame O l is given by [1]: 



where SIvlbi is the angular velocity of the laboratory with respect to an 
asymptotic inertial frame, Vtxh and O5 are, respectively, the contributions of the 
Thomas precession arising from non-gravitational forces and of the de Sitter or 
geodetic precession. As a result, in order to detect VLlt one should measure Ql 
and then substract from it the independently measured value of Qvlbi with VLBI 
(Very Long Baseline Interferometry, see, for example, [21]) and the contributions 
due to the Thomas and de Sitter precessions. A number of disturbing effects such 
as seismic accelerations, local gravitational noise, atmospheric turbulence have 
long made ground-based experiment difficult. Satellite based experiments can 
offer the possibility of reduction in these disturbances, although they will also 
raise other additional difficulties. 

The valuable galvano-gravitomagnetic coefficient R gg ~ 0.8 x lCT 22 s is esti- 
mated for the typical semiconductor. Then the difference in voltage developed 
in two counter-rotating semiconductors is 2Vlt = 2(R gg /d)i r ^LT ~ 0.6 x 10~ 19 U 
if we put a ffi = §n ffi .R|, «e = 2 x G^- = 2 x 0.44cm, « 6.37 x 10 8 cm, 
fi e = 7.27 x 10- 5 rad/s, i r = 10 3 A and d = 10' 2 cm. 

In principle, it is possible to measure a voltage of 10~ 19 V with today's SQUID 
tecnology with precise voltage accuracies [22] of 1 part in 10 22 V. In a possible 
experiment a superconducting loop of SQUID can be connected across carrying 
radial current semiconductor which will form normal layer of Josephson junction 
with source of constant voltage Vlt- The nonvanishing potential difference Vlt 
would lead to a time varying magnetic flux through the loop. The change in 
magnetic flux <3> fe inside the circuit during the time interval [0, t] is 



where $ — K%c/e = 2 x 10 7 Gauss • cm 2 is quantum of the magnetic flux. As 



Q,L — QvLBI — ^Th — fts ~ ft>LT 




(12) 
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long as A$5 < $o, n will remain constant and A${, will increase linearly with 
time until A<3> 6 = $ , then the order of the step n will change as flux quantum 
enters the loop. Thus this particular loop is sensitive to the Vlt and in this 
connection to the Lense-Thirring frequency. Moreover, it should be underlined 
that the proposed scheme of flux measurement (12) is cumulative and the long 
time measurement can be used for accumulation of data towards better detection 
of the gravitomagnetic effect. 

The experiment is quite difficult since the measured effect is small compared to 
potential disturbances and careful attention must be paid to possible systematic 
experimental errors. While we do not intend to present here a detailed proposal 
but to point out the possibility of new electromagnetic test of general relativity. 

We can foresee two major experimental difficulties: (i) ensuring that the devi- 
ation of the semiconductor's orbit from idealized one is in the limit of the required 
accuracy, and (ii) shielding the Earth's magnetic fields which can induce much 
bigger voltage due to the Hall effect and superconducting shells provide a natural 
means of shielding of apparatus from external magnetic field. Any experimental 
project would need to take these problems into serious consideration. 

In this letter, we have shown that the effect of the gravitomagnetic force 
on the conduction current is to induce a galvano-gravitomagnetic potential dif- 
ference just as the action of magnetic field is to develop a Hall voltage across 
current carrying conductor. This is the general relativistic analog of the Hall 
effect and when current carrying semiconductor is subject to general-relativistic 
gravitational field of Earth, a potential difference around lCr 19 ^ will be devel- 
oped across it. The general relativistic galvano-gravitomagnetic effect seems to 
be experimentally verifiable with the present technology. Because of the great 
importance of gravitomagnetic fields for astrophysics and fundamental physics, 
such experiment would also constitute an important and direct measurement of 
the general relativistic Lense-Thirring effect. 

Acknowledgements 

The main part of work was carried out when the author was visiting the Abdus 
Salam International Centre for Theoretical Physics, Trieste, during the autumn 
of 1998. He is grateful to the AS-ICTP, for the generous financial support which 
made this visit possible and thanks Luciano Rezzolla for his invaluable work on 
the text and helpful comments. The research is also supported in part by the 
UzFFR (project 01-06) and projects F.2.1.09, F2.2.06 and A13-226 of the UzCST. 



8 



References 

[1] I. Ciufolini and J. A. Wheeler, Gravitation and Inertia (Princeton Univ. 
Press, New Jersey, 1995). 

[2] G.E. Stedman, Rep. Progr. Phys. 60 (1997) 615. 

[3] I. Ciufolini, E. Pavlis, F. Chieppa, E. Fernandes-Vieira and J. Perez- 
Mercader, Science 279 (1998) 2100; D. Lucchesi, F. Vespe and A. Mandiello, 
Nuovo Cim. A109 (1996) 579. 

[4] C.W.F. Everitt, in: Near Zero: Festschrift for William M. Fairbank, eds. 
J.D. Fairbank et al (Freeman, San Francisco, 1986) p. 587. 

[5] L.I. Shiff and M.V. Barnhill, Phys. Rev. 151 (1966) 1067. 

[6] A.J. Dessler, F.C. Michel, H.E. Rorschach and G.T. Trammel, Phys. Rev. 
168 (1968) 737. 

[7] G.F. Moorhead and G.I. Opat, Class. Quantum Grav. 13 (1996) 3129. 

[8] TW. Darling, F. Rossi, G.I. Opat and G.F. Moorhead, Rev. Mod. Phys. 64 
(1992) 237. 

[9] M.M. Nieto and T. Goldman, Phys. Rep. 205 (1991) 221. 
[10] B.S. DeWitt, Phys. Rev. Lett. 16 (1966) 1092. 
[11] G. Papini, Phys. Lett. A 24 (1967) 32. 
[12] E.H. Hall, Am. J. Math. 2 (1951) 287. 

[13] B.J. Ahmedov and L.Ya. Arifov, Gen. Rel. Grav. 26 (1994) 1187. 

[14] T.J. Davis and G.I. Opat, Class. Quantum Grav. 5 (1988) 1011. 

[15] J. Anandan, Phys. Lett. A 105 (1984) 280; Gen. Rel. Grav. 16 (1984) 
33; in New Techniques and Ideas in Quantum Measurement Theory, ed. D. 
Greenberger (Ann. New York Acad. Sci., 1986) 480, p. 224. 

[16] B.J. Ahmedov, Gravit. Cosmology 4 (1998) 139. 

[17] R. Khanna, Mon. Not. R. Astron. Soc. 294 (1998) 673. 

[18] B. Mashhoon, FW. Hehl and D.S. Theiss, Gen. Rel. Grav. 16 (1984) 711. 



9 



[19] B.J. Ahmedov, in: Proc. Third William Fairbank Meeting on Lense-Thirring 
Effect (Rome-Pescara, 1998) to appear in the Advanced Series in Astro- 
physics and Cosmology, eds. L.Z. Fang and R. Ruffini (World Scientific). 

[20] B. Mashhoon, Phys. Lett. A 173 (1993) 347. 

[21] J. Kovalevsky, Rep. Prog. Phys. 61 (1998) 77. 

[22] A.K. Jain, J. Lukens and J.S. Tsai, Phys. Rev. Lett. 58 (1987) 1165. 



10 



